As a kind of two-dimensional metamaterial, metasurfaces can modify the amplitude, phase, and polarization of the transmitted or reflected electromagnetic wave, and thereby can be used for enhancing the light-matter interactions. Based on this notion, an optical magnetic mirror metasurface featuring periodic nanoscale grooves is designed to confine the strong electric field near the metal surface by magnetic responses. As a result, fluorescence from an ultrathin layer of fluorescent polymer blend (∼15 nm) on the mirror surface can be strongly enhanced (by 45-fold in experiment). The fluorescence emission can be controlled by the polarization of excitation light since the responses of the magnetic mirror are polarization sensitive. This kind of magnetic mirror metasurface is potentially useful in biological monitors, optical sources, and chemical sensors. Over the past few decades, fluorescent materials have played an important role in lighting, optical imaging, clinical diagnoses, and medical measurements [1] [2] [3] . Enhancing the light-fluorophore interactions could enable low-cost and energy-efficient optoelectronic devices [4] [5] [6] [7] [8] [9] [10] . The fluorescence enhancement can be divided into two categories: single-molecule fluorescence enhancement and large-area fluorescence enhancement. Strong enhancement of single-molecule fluorescence can be obtained by nanostructures with "hot spots" that possess very small mode volumes and strongly localized electromagnetic fields. These nanostructures include bowtie antennas [11] , metal-insulator-metal absorbers [12] [13] [14] , nanoapertures [15, 16] , nanoparticles [17, 18] , etc. This type of fluorescence enhancement can be well over 100-fold, however, it poses challenges when applied to large-area fluorescence imaging. Fluorescence enhancement over a large area has been demonstrated with layered metal films [19, 20] and grated metal or dielectric surfaces [21] [22] [23] [24] . While the area-averaged fluorescence enhancement varies from 10-to 100-fold, the overall thicknesses of these nanostructures for large-area fluorescence enhancement are above the deep subwavelength scale. Metasurfaces, which can control the amplitude, phase, or polarization of the transmitted or reflected electromagnetic wave by mode interference, provide an avenue to manipulate the electromagnetic field for fluorescence enhancement in the deep subwavelength scale [25] [26] [27] . A variety of structures (such as metallic split ring resonators [28, 29] , fish-scale structures [30] , and nanoantenna arrays [31]) have been designed to form metasurface-based functional devices including wave retarders [32] , reflectance spectral controllers [33, 34] , and polarization controllers [35] . Metasurfaces can also work as magnetic mirrors by which zero (or π) phase shift on the electric (or magnetic) field can be achieved between the incident and reflected electromagnetic waves [36] [37] [38] [39] [40] . Consequently, the strong electric field is confined to the deep subwavelength scale just above the surface, which can be advantageously exploited for ultra-thin optoelectronic devices.
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In this Letter, the control over fluorescence emission using an optical magnetic mirror metasurface is proposed. The magnetic mirror metasurface here is composed of a nano-groove array with both period and depth well below the wavelength on a single-crystalline gold microplate. A strong electric field is distributed right on the surface within a thickness of ∼15 nm. By coating fluorescent materials on the magnetic mirror metasurface, the fluorescence intensity is enhanced by over 40-fold compared to that on the conventional gold mirror. Such a fluorescence enhancement presents several distinctive advantages. (1) The magnetic mirror provides an ultra-thin active region [polymethyl methacrylate (PMMA) layer with fluorescent molecules] right above the surface, thereby reducing the overall thickness of the nanostructures and offering a new path for ultra-thin fluorescence device. (2) The operating wavelength of the magnetic mirror can be engineered by designing the parameters of the nano-grooves, which can be tuned from 570 nm to 750 nm, covering the excitation wavelengths of most fluorescence molecules and quantum dots. (3) The nano-grooved magnetic mirror can strongly enhance the fluorescence intensity (the largest enhancement factor (EF) can reach up to 200-fold in simulation and 45-fold in experiment).
With all these merits, the magnetic mirror metasurface for fluorescence enhancement can be potentially used in organic light-emitting diodes, diagnostics, genomics, proteomics, fluorescence sensing, and imaging. Figure 1 shows a schematic of controlling the fluorescence emission with the magnetic mirror. As gold films produced by vapor deposition usually contain randomly oriented crystal grains, here we use single-crystalline gold nanoplates, which have better surface roughness and enable the fabrication of ultra-smooth nanostructure with superior optical properties. Single-crystalline gold nanoplates are first synthesized onto the silicon substrate by a wet chemical method [41] . The thickness of the gold microplate is above 3 μm, which is optically thick. The nano-grooved magnetic mirror metasurfaces are then etched by a focused ion beam (FIB) onto the gold nanoplates. The width of the grooves (W ) is about 60 nm. The depth of the grooves (D) varies from 50 nm to 90 nm and the period of the grooves (P) varies from 150 nm to 250 nm. Finally, a layer of PMMA (950 K) containing 2.3 mM fluorescent molecules (ATTO 633, Sigma Aldrich, MW 652 g/mol) in trichloromethane (volume ratio 1:1) is spin coated onto the magnetic mirror surface (first 6 s with 550 rpm and then 60 s with 6500 rpm). The thickness of this doped PMMA film measured by a step profiler (Bruker DektakXT) is about 15 nm. The fluorescent molecules can be excited by a 632 nm He-Ne laser and the emission wavelength is 651 nm. In the experiment, the optical magnetic mirror is illuminated by a 632 nm He-Ne laser at an oblique incident angle of 80°, which is due to the limitation of the numerical aperture and the working distance of the objective [29] . imaging. It can be seen that the PMMA active layer (the middle dark gray area) penetrates into the grooves.
In this part, the principle of the designed magnetic mirror is presented. For an electromagnetic wave reflected from a perfect electric conductor (PEC), a π phase is introduced in its electric component. As a consequence, a standing wave is produced from the interference between the incident and reflected electromagnetic waves, resulting in zero electric field at the PEC surface. Thus, the region with the strongest electric field is located at one-quarter wavelength above the PEC surface, posing a fundamental limit to the size scaling of the optoelectronic device. In comparison, the perfect magnetic conductor (PMC) leads to a zero phase shift on the electric field when the incident electromagnetic wave is reflected from its surface. The strong electric field lies right at the surface. By engineering the reflection phase of the electric field via changing the parameters of the nano-grooves-based metasurface, a strong electric field can also be created in the region right above the metasurface, resembling a magnetic mirror.
The distribution of the electric field above the magnetic mirror plane is simulated with finite element-method-based COMSOL 4.4. The refractive index of PMMA is set as 1.51. The relative permittivity of Au is modeled with Johnson and Christy data [42] . The parameters (groove width W , groove depth D, and groove period P) are swept to get the electric field distribution within the grooved unit cell at 632 nm (fluorescence excitation wavelength) and 651 nm (fluorescence emission wavelength). Figure 2 shows the normalized electric field profiles of the magnetic mirror (D 80 nm, W 60 nm, and P 150 nm) and a conventional flat mirror when obliquely illuminated by a 632 nm TM-polarized light (with magnetic field perpendicular to the plane of incidence). At a 632 nm excitation wavelength, the electric field within the 15-nm-thick PMMA layer is obviously enhanced by the magnetic mirror Furthermore, enhanced fluorescence emissions with magnetic mirror metasurfaces are demonstrated. In simulation, the average fluorescence EF [43, 44] can be simply given by
where E Figs. 3(a)-3(c) . The width of the groove will greatly affect the fluorescence emission. For example, when P 150 nm and D 80 nm, the fluorescence EF can reach 115 at W 60 nm while it is less than 50 at W 40 nm. By optimizing the geometric parameters of the nanoscale grooves, the fluorescence EF can be further promoted. It shows that the maximum EF will be stronger as W decreases. At P 120 nm, D 60 nm, and W 40 nm, the simulated fluorescence EF of 200 is obtained. As it is more difficult to realize a narrower groove with the same depth by FIB milling, W is fixed at 60 nm in the experiment. Moreover, the relationship between the thickness of the PMMA layer and the EF is presented in Fig. 3(d) . The PMMA thickness H changes from 5 nm to 35 nm while W 60 nm, D 80 nm, and P 150 nm. It is shown that 15 nm is an optimum active layer thickness for maximum enhancement.
The marked black circles in Fig. 4(a) denote the seven fabricated magnetic mirrors with corresponding geometric parameters. These seven magnetic mirrors (labeled as 1 to 7) (each 20 μm × 20 μm in size) with different geometrical parameters The enlarged electric field profiles in the dashed region of (e) and (f ). The yellow, gray, and white areas are gold, PMMA layer, and air, respectively. In conclusion, molecular fluorescence enhancement based on ultra-thin optical magnetic mirror metasurfaces is demonstrated. A strong electric field is confined to the deep subwavelength scale just above the surface of the optical magnetic mirror. The experimental fluorescence EF reaches 45 for a 15-nm-thick fluorescent active layer. The fluorescence enhancement can be controlled by different incident polarizations. This kind of magnetic mirror offers a good paradigm for controlling the radiation of nanoscale emitters and therefore can be potentially used in optical sources, biological monitors, and chemical sensors. 
